Initial attachment of human oral keratinocytes cultured on yttria-stabilized tetragonal zirconia polycrystal (TZP) surfaces that were subjected to UV or oxygen plasma (O2-plasma) treatment was investigated. The viability of the attached cells, mRNA expression of laminin γ2 and integrin β4, distribution of laminin γ2 and integrin β4, cell area, and cell morphology were assessed. The results showed that no differences in the viability of attached cells were recognized among the conditions. However, expression of laminin γ2 and integrin β4 as well as cell morphology were promoted only in O2-plasma specimens even though superhydrophilicity was obtained in both the UV and O2-plasma specimens compared with the untreated control specimen. The photocatalytic activity was believed to be closely involved in the above-mentioned differences. The results of this study suggest that TZP surface treated with oxygen plasma promotes the initial attachment capability of human oral keratinocytes with enhancing the extracellular matrix such as laminin γ2.
INTRODUCTION
Zirconia, especially tetragonal zirconia polycrystal (TZP), has been utilized for dental implant system as a potential alternative to titanium (Ti), because it allows mechanical, biocompatible, and esthetic performance [1] [2] [3] . At the bone and implant interface, the osseointegration capability and durability of TZP implants has been reported to be similar to that of Ti implants, and osteogenesis was enhanced by roughening the TZP surface in a number of in vitro and in vivo studies, indicating its suitability as an implant material 4, 5) . The soft tissue barrier around dental implants serves as a protective seal between the oral environment and the underlying bone. However, it has been reported that the peri-implant epithelium attaches only weakly at the apical portion of peri-implant epithelium-implant surfaces made from Ti by laminin γ 2 in rat 6) . This indicates that peri-implant epithelium may not function as a tight biological seal against the invasion of foreign material 7) . Therefore, obtaining a biological seal with the periimplant epithelium at the soft tissue-implant interface is essential for the long-term success of implant.
Around natural teeth, the junctional epithelium attaches to the tooth by hemidesmosomes formed with laminin γ 2 and integrin β4 via the internal basal lamina, acting as a biological seal between the oral environment and the internal structures of the body. Atsuta et al. showed that peri-implant epithelium (PIE) attaches to a Ti surface by hemidesmosomes with elucidating the localization of laminin γ 2 at the implant-epithelium interface 7, 8) . On TZP with a mirror-polished surface, it is reported that the initial attachment of human oral keratinocytes is equivalent to or slightly lower than that on Ti 9) . Accordingly, surface modification of zirconia is necessary to ensure biological sealing around TZP implants.
The vital reaction to a dental implant is affected by the surface topography and surface physicochemistry of the material used. Surface topography has a marked effect on cell behavior, and surface physicochemistry involves the adsorption of proteins, bacteria, and cells on biomaterials 10, 11) . This adsorption reflects the affinity between two substances. In cell-material interactions, protein adsorption is one of the first events to occur at the solid/liquid interface when a material is exposed to a bodily fluid or culture media. Adsorption characteristics are primarily influenced by surface wettability, which can be determined by measuring the surface energy and surface electric charge.
Many in vitro studies have investigated the relationship between the hydrophilicity of a material surface and cell attachment [12] [13] [14] . High surface wettability, which means high surface energy, is generally reported to promote greater cell attachment does than low surface wettability. In particular, it has been reported that superhydrophilicity enhanced cell functions. Cell attachment, proliferation and differentiation of osteoblasts on Ti and TZP disks were reported to have been promoted by superhydrophilic treatment [15] [16] [17] . The superhydrophilicity was obtained by a cold plasma treatment, including glow discharge 13, 18) , and ultraviolet (UV) light irradiation 15) which have been proposed as a means of modifying wettability.
Thus, hydrophilic treatment, specifically plasma and ultraviolet treatment, of a TZP surface is expected to enhance the attachment of human oral keratinocytes. However, no study has yet been reported on this subject. Therefore, the purpose of this study is to clarify the influence of plasma and ultraviolet treatment of TZP on the initial attachment of human oral keratinocytes from the point of view of the expression of laminin γ 2 and integrin β4.
MATERIALS AND METHODS

Specimen preparation and surface treatment
Tetragonal zirconia polycrystal (TZP, TZ-3YB-E, Tosoh, Tokyo, Japan) disks were used in this study. Disks of 13 mm or 30 mm in diameter and 0.5 mm thick were prepared using a cutting machine. They were ground progressively finer down to 1,200 grit and then finely polished with 3 μm diamond paste and 0.06 μm colloidal silica using a polishing machine (Ecomet 3, Buehler, Lake Bluiff, IL, USA). Subsequently, the disks were ultrasonically cleaned with acetone and distilled water, and then sterilized in an autoclave for 10 min at 121°C after cleaning. The obtained disks were subjected to the physicochemical treatments as listed in Table 1 . These conditions were decided according to the previously study 17) that these treatments did not alter the surface topography and were effective in initial attachment of osteoblast-like cells. As a control, some specimens were stored in air for 24 h. Ultraviolet treatment (UV) was performed using a UV ozone cleaner (PC440, Bioforce Nanosciences, Sweden) for 2 h. This equipment creates UV radiation with a total power of 19 mW/ cm 2 , and excitation wavelengths of 185 nm and 254 nm corresponding to ultraviolet C, and 365 nm corresponding to ultraviolet A. Oxygen plasma treatment (O2-plasma) was performed using a plasma-surface modification apparatus (VEP-1000, ULVAC, Kanagawa, Japan). Briefly, the specimens were introduced into the chamber of the apparatus and exposed to low-energy oxygen plasma (200 W, 1.5 Pa, gas flow rate 50 sccm) at room temperature for 10 min.
Specimens prepared by UV and O2-plasma were immersed in distilled water immediately after each treatment, and then stored in the water for 24 h.
Surface roughness and surface wettability
The arithmetic surface roughness (Ra) was measured using a surface roughness measuring instrument (Handysurf E-30A, Tokyo Seimitsu, Tokyo, Japan) with a length of 4 mm and a cut-off value of 0.8 mm on three samples.
The surface wettability of control and the physicochemical-treated specimens was confirmed by contact angle measurement using a contact angle meter (Phoenix α, Meiwa-forces, Japan) at 3 s after application of each droplet of 4 μL distilled water on three samples.
Cell culture
Cell culture experiments were performed using human oral keratinocytes (HGEPs, CELLnTEC, Bern, Switzerland). Cells were cultured at 37°C in a CO 2 incubator (5%) in #CnT-24 progenitor cell targeted (PCT) oral epithelium medium, Chemically Defined (CELLnTEC). The medium was renewed every three days. At 80-90% confluency, cells were detached using 0.05% trypsin EDTA (Gibco BRL, Grand Island, NY, USA) and seeded onto each type of TZP disk at a density of 4×10 4 /cm 2 .
Cell attachment assay
The viability of attached cells on the TZP disks was evaluated using WST-1 based colorimetry (WST-1, Roche Applied Science, Mannheim, Germany) after 1, 3, 6, and 24 h of cultivation. After each period, the disks were washed twice with PBS to remove any unattached cells and moved to a new culture plate. The culture plate was incubated with 25 μL tetrazolium salt (WST-1) reagent and 250 μL culture medium at 37°C for 1 h, after which 110 μL reaction solution was moved to 96 well plates to measure absorbance. The amount of formazan product was measured using a microplate reader (SpectraMax M5, Molecular Devices, Tokyo, Japan) at 450 nm.
Quantitative RT-PCR
RNA expressions of the cell attachment proteins, laminin γ 2 and integrin β4, on each 30 mm disk were measured by quantitative RT-PCR. Total RNA was extracted from human oral keratinocytes using the acid guanidium thiocyanate phenolchloroform method, as follows. Briefly, after 1, 3, 6, and 24 h incubation, the culture medium of each substrate was removed and the cells rinsed twice using PBS. Cells were then homogenized in 500 μL TRIsol ® reagent (Invitrogen, Carlsbad, CA, USA) and each solution was transferred to a 1.5 mL tube containing chloroform. Each tube was then centrifuged at 14,000 rpm at 4°C for 20 min, after which each supernatant was placed in a 1.5 mL tube containing 250 μL of 100% isopropanol (half the amount of TRIsol ® Reagent) at −80°C for 1 h. After centrifugation at 14,000 rpm for 20 min at 4°C, the supernatants were discarded and the remaining total RNA pellets were washed with 70% cold ethanol. Then the total RNA pellets were dissolved in 50 μL RNAase-free (DEPC-treated) water. The total RNAs were reverse-transcribed and amplified in reaction mixtures (20 μL) using a reverse transcription kit (Quanti Tect ® , Qiagen, Germantown, MD, USA) containing RNA PCR buffer, 2 U/μL RNAase inhibitor, 0.25 U/μM reverse transcriptase, 0.125 μM oligo dt-adaptor primer, 5 mM MgCl 2, and RNAase-free water. Quantitative PCR was measured with the 7500 Fast Real-Time PCR System in TaqMan ® Gene Expression assays (Applied Biosystems, Foster City, CA, USA) to determine the expression of laminin γ 2 (Hs00194345_ mL) mRNA, integrin β4 (Hs00236216_mL) mRNA, and GAPDH (glyceraldehyde-3-phosphate-dehydrogenate, Hs99999905_mL) mRNA as a housekeeping gene for compensation. Reaction conditions consisted of a primary denaturation at 95°C for 20 s, and then cycling for 40 cycles of 95°C for 3 s and 62°C for 30 s. PCR data were compared with those for the control at 1 h as the baseline.
Immunofluorescence observation and morphometry
To observe the distribution of laminin γ 2 and integrin β4, cells were washed in PBS after 1, 3, 6, and 24 h of cultivation and then fixed in 10% paraformaldehyde for 30 min at room temperature. The cells were then washed three times with PBS. Nonspecific binding was blocked with 3% bovine serum albumin (BSA) for 30 min at room temperature.
To observe actin filaments, the cells were incubated for 30 min at room temperature with FITC-conjugated phalloidin (1:100 dilution, Invitrogen). Other cells were incubated overnight at 4°C with a primary rabbit antilaminin γ 2 polyclonal antibody (1:100 dilution, Abcam, Cambridge, UK) or a mouse anti-integrin β4 monoclonal antibody (1:50 dilution, Abcam, Cambridge, UK). After three additional washes in PBS, the samples were incubated with a secondary antibody -either Alexa fluor 543 goat anti-rabbit immunoglobulin G (IgG) (1:100 dilution, Molecular Probes, Eugene, OR, USA) for laminin γ 2, which were detected as red, or Alexa fluor 488 goat anti-mouse IgG for integrin β4, which were detected as green (1:100 dilution, Molecular Probes, Eugene, OR, USA) for 30 min at room temperature. Subsequently, the samples were incubated with 1 μg/mL 4', 6-diamidino-2-phenylindole (DAPI, Invitrogen), which were detected as blue for 10 min at room temperature. After five washes in PBS, a micro cover glass was placed over each sample.
These samples were observed using a confocal laser scanning microscope (CLSM, LSM 5 DUO, Carl Zeiss, Jena, Germany) with software (Zen 2009, Carl Zeiss). The cell area was quantified using an image analyzer (ImageJ, NIH, Bethesda, MD, USA).
Scanning electron microscopy (SEM)
At 1, 3, 6, and 24 h after seeding, the disks were washed three times with PBS to remove the culture medium and any unattached cells were then immersed in 1.25% glutaraldehyde PBS solution for 1 h. The disks were then washed with PBS for 15 min. After dehydration in a graded series of ethanol concentrations, all disks were placed in tetra-butyl alcohol followed by freeze-drying. The dried specimens were mounted on viewing boards, coated with a gold-palladium alloy and observed using a scanning electron microscope (SU-6600, HITACHI, Ibaraki, Japan).
Statistical analysis
Statistical analysis was performed using a one-way analysis of variance (ANOVA) at each culture period, followed by the Scheffe test for multiple comparisons.
RESULTS
Surface roughness and surface wettability
The Ra value of TZP disks was 0.067±0.003 μm. The contact angle of control specimen showed 51.5±2.3°, whereas those of UV and O2-plasma specimens showed almost 0° of contact angle, resulting the superhydrophilicity.
Initial cell attachment
The results of initial cell attachment ability after 1, 3, 6, and 24 h of cultivation are shown in Fig. 1 .
No significant difference was observed in initial cell attachment between the control, UV, and O2-plasma groups after 1, 3, and 6 h. After 24 h, the attachment ability of the UV group was slightly higher than that of the other two groups (p<0.05).
mRNA expression (Quantitative RT-PCR)
The expression of laminin γ 2 and integrin β4 mRNAs in human oral keratinocytes is shown in Figs. 2A and B .
After all periods, the expression of laminin γ 2 mRNA in the O2-plasma group was approximately two or three times greater than was that in the control and UV groups (p<0.01). The same results were obtained for integrin β 4 mRNA as for laminin γ2 mRNA.
Immunofluorescence observation and morphometry
Immunofluorescence images of laminin γ 2 and integrin β4 are shown in Fig. 3 .
After 1 and 3 h, no apparent difference was observed between each group. After 6 h, the integrin , or 24 h of cultivation; stained for nuclei using DAPI (blue), by antibody to laminin 5-specific γ2 chain (red), and by antibody to integrin β4 (green).
Original magnification ×400 (Scale bars: 50 μm) Fig. 4 Confocal laser scanning microscope images of human oral keratinocytes attached to TZP taken after 1, 3, 6, or 24 h of cultivation; stained for nuclei using DAPI (blue), and for filamentous actin stress fibers using phalloidin (green).
Original magnification ×400 (Scale bars: 50 μm).
β4 was more widely distributed in the O2-plasma group compared with distribution in the control and UV groups; the distribution of laminin γ 2 was extended in the extracellular region. After 24 h, similar distribution patterns of laminin γ 2 and integrin β4 were observed in the control and UV groups as they were in the O2-plasma group after 6 h. In contrast, in the O2-plasma group, laminin γ 2 was distributed with more pronounced features that completely covered the periphery of the cells.
Immunofluorescence images of actin filaments showed that the cells were obviously larger on the O 2-plasma-treated TZP surfaces than on the untreated and UV-treated surfaces after 1, 3, 6, and 24 h of incubation (Fig. 4) .
The cytomorphometric parameters of the cell areas were significant larger in the O2-plasma group than in the other two groups, supporting these qualitative observations (Fig. 5) .
Cell morphology
The cell morphologies are shown in Fig. 6 . After 1 h, the cells started to extend in the O2-plasma group, even though the cells were only attached to the TZP surface in the control and UV groups. The formation of filopodia was apparent in the O2-plasma group after 3 h. After 6 h, in the control and UV groups, lamellipodia were observed with remarkable cell spreading, although this was more readily observed in the O2-plasma group. After 24 h, the cells spread even more, especially in the O2-plasma group, and became completely flat, with good attachment to the substrate. 
DISCUSSION
In this study, we investigated the response of human oral keratinocytes on TZP surfaces that were subjected to two kinds of superhydrophilic treatment. The results showed that the initial attachment capability of human oral keratinocytes with enhancing the extracellular matrix such as laminin γ 2 was promoted only in TZP surface treated with oxygen plasma, even though superhydrophilicity was obtained in both the UV and O2-plasma specimens compared with the untreated control specimen. Specifically, expressions of laminin γ 2 and integrin β4 mRNA in the O2-plasma group were approximately two or three times greater than were those in the control and UV groups after all periods. In addition, wider distributions of laminin γ 2 and integrin β4 in the O2-plasma group were observed than in the control and UV groups.
In the present study, no apparent difference was observed in initial attachment of human oral keratinocytes between the control, UV, and O2-plasma specimens. In contrast, it has been reported that superhydrophilic treatments enhanced the initial attachment of osteoblast-like cells 16, 17) . A possible explanation for the differences between the results of these reports and the present study can be linked to the differences in the extracellular matrix binding the cells. In the osteoblasts, fibronectin is primarily responsible for the adhesion between the substrate and cells 19, 20) . In contrast, laminin is primarily related to the adhesion between the substrate and keratinocytes in addition to the fibronectin 21) . Another explanation may be underlying the differences in surface topography of the TZP used: a rough surface for osteoblast cultivation vs. a smooth surface for the keratinocytes in this study.
In cell-material interactions, protein adsorption is one of the first events to occur at the solid/liquid interface when a material is exposed to a bodily fluid or culture media. Masaoka et al. demonstrated the attachment and migration behavior of regenerative epithelium after gingivectomy 22) . They observed that laminin γ2 is initially expressed as an extracellular matrix, after which integrin β4 and α3 develop in the frontal margins of the regenerated epithelial cells. These results indicate that, in this study, the TZP surface treated with oxygen plasma easily adsorbed laminin γ 2, which is secreted from human oral keratinocytes during the initial stage. Furthermore, the expression of integrin β 4 which forms hemidesmosomes, had been promoted with an increase in the expression of laminin γ2.
In this study, extensive distributions of laminin γ2 were also observed around the cells in the O2-plasma specimen after 24 h. Cells migrate after attachment and spreading, and turnover involving cell migration occurs in the junctional epithelium to maintain homeostasis of the periodontal tissues 23) . A previous study suggested that integrin β4 is expressed at the distal (back) regions of the cells to form basic points for attachment, while integrin α 3 is localized at the proximal (front) regions to promote cell migration 24) . Both integrins α6β4 and α3β1 exist as receptors of laminin 5 25) . The extensive distribution of laminin γ2 around cells is thought to be tracks that cells had left during migration, suggesting that cell migration was promoted on TZP surface treated with oxygen plasma even though integrin α 3β1 was not confirmed in this study. Inoue et al. showed that peri-implant epithelium (PIE) may have less hemidesmosomal attachment and retain lower capacity to act as a proliferative defense mechanism than does junctional epithelium 26) , indicating that the turnover of PIE is slower than that of junctional epithelium around natural teeth. On the other hand, TZP surface treated with oxygen plasma could accelerate the turnover of PIE with the promotion of cell migration.
In the present study, the development of actin filaments was promoted in the O2-plasma specimen. Integrins are cell-surface receptors with an extracellular domain that binds to a protein in the extracellular matrix such as laminin 5 and an intracellular domain that indirectly binds to actin filaments via a complex of adaptor proteins such as talin, α-actinin, and vinculin 27) . Thus, it is believed that actin filaments were indirectly developed because of the increased expressions of laminin γ 2 and integrin β4 via these adaptor proteins.
Differences in cell morphology were also observed between various conditions in this study. SEM observation showed that cell extension after 1 h, filopodia formation after 3 h, lamellipodia formation after 6 h, and flat spreading after 24 h were recognized in the O2-plasma specimen, compared with these same events in the control and UV specimens, indicating more positive and earlier cell attachment in the O2-plasma specimen during the initial stage.
A number of reports have revealed that cell attachment is promoted on superhydrophilic surfaces rather than on hydrophobic surfaces 14, 28, 29) . In the present study, there are several possible explanations for the mechanism of increasing the cell attachment capability in the O2-plasma specimen: decreased hydrocarbons, formation of basic hydroxyl groups, and increasing polar components. In addition, photocatalytic activity is considered responsible for these phenomena.
In general, Ti preserved in air adsorbs hydrocarbon, and its surface becomes hydrophobic over time 29) . UV light-induced superhydrophilicity of TiO2 was discovered in 1997 30) . In this model, UV light irradiation creates surface O2 vacancies at bridging O2 sites. Wetting is caused by surface physicochemistry alteration by TiO 2 photocatalytic activity in association with photocatalytic removal of hydrocarbons from the surface 31, 32) . Decomposition of hydrocarbon is accelerated by UV with wavelengths of less than 260 nm ( · = · 103 kcal/mol), which corresponds to UVC. O2-plasma has also been used in the previous studies as one method of hydrophilic treatment 17, 33) . Plasma-surface modification generates radical species of the oxygen atom and ozone by exciting oxygen gas; the hydrocarbons on the surface are decomposed by bombarding these high-energy molecules. Carbon reduction was confirmed in both the UV and O2-plasma from which hydrophilicity was obtained 17, 33) . However, the initial attachment capability of human oral keratinocytes was promoted only on the O2-plasma specimen. Accordingly, the differences in cell behavior between the UV and O2-plasma specimens should be explained by factors other than the reduction of hydrocarbons.
Hydroxyl (OH) groups play an important role for protein adsorption and subsequent cell attachment. There are two kinds of OH group on the outermost surfaces of Ti, OH(a) and OH(b), negatively charged acidic hydroxyl groups and positively charged basic hydroxyl groups, respectively, playing important roles in protein adsorption 34) . Feng et al. showed that at the initial stage of the cell culture, the OH(b) groups were consumed in great amounts due to chemical interaction between the osteoblasts and the Ti surfaces, indicating that the OH(b) groups probably played a more important role than did the OH(a) groups in the bioactivity of Ti 35) . A previous study has showed that the hydroxyl groups formed on the TZP surface after hydrophilic treatment including UV and O2-plasma. The results revealed that a greater increase of the OH(b) group was observed in the O2-plasma specimen than in other specimens, despite the lack of apparent differences in the OH(a) group between specimens 33) . Therefore, it was considered that protein adsorption related to cell attachment was promoted by O2-plasma by increasing the OH(b) group that was charged positively because, in general, most proteins are negatively charged in a neutral environment.
Surface energy is also considered an important factor for cell behavior. It is generally recognized that cell attachment and spreading occur more easily on surfaces with higher surface energy. Noro et al. reported that O2-plasma and UV increased total surface energy compared with untreated control specimens 33) . Previous studies also found that higher surface energy and the greater number of surface hydroxyl groups resulted in a greater numbers of attached cells and higher cell activity 35, 36) . Furthermore, the polar component (γ p ) of surface energy increased more on the O2-plasma specimen than on the other specimens, even though the dispersion component (γ d ) was similar among all surface-treated groups 33) . It was reported that γ p influenced the behavior of osteoblasts on Ti surfaces more strongly than did γ d . This was attributed to the fact that the interaction between cells and Ti is mostly governed by polar force 35, 37) . A similar phenomenon might have occurred on the TZP surface treated with oxygen plasma in this study.
Therefore, it was thought that the O2-plasma increased the polar component on the TZP surface, resulting in enhanced interactions between the surface and human oral keratinocytes.
Photocatalytic activity was believed to be closely involved in the above-mentioned differences in the formation of the basic hydroxyl groups and the polar component between the conditions. In the case of Ti, UV light energy of greater than 3.2 eV, corresponding to a wavelength of less than 387 nm, is needed to induce the photocatalytic activity of TiO 2 (anatase) to excite an electron from the valence band to the conduction band 30) . ZrO2 also shows photocatalytic activity similar to TiO2 38, 39) . The band gap of ZrO2 is 5.82 eV, which corresponds to a wavelength of approximately 213 nm. Therefore, in order to induce photocatalytic activity on ZrO 2, larger energy is required than that for TiO2. In this study, O2-plasma generated energy of 5.0-13.1 eV, corresponding to a wavelength of 95-250 nm. Accordingly, O2-plasma enabled the induction of photocatalytic activity on ZrO 2. In contrast, the percents of intensity of UV irradiation used in this study were 2.3%, 45.8%, and 10.6% for wavelengths of 185 nm, 254 nm, and 365 nm, respectively, resulting in the quite fewer energy to induce the photocatalytic activity on ZrO 2. Thus, photocatalytic activity was induced only on TZP surface treated with oxygen plasma. Although such effects did not occur on TZP surface treated with UV under the limited irradiation condition of this study, such effects might occur if high-energy UV irradiation, that is, a wavelength of less than 213 nm, such as excimer UV, were used. In contract, a wavelength of around 250 nm, such as UVC, is considered effective for decreasing the carbon content on titanium surfaces using prolonged irradiation time, i.e., a large amount of cumulative total energy as mentioned by Uchiyama et al 40) . Therefore, it is believed that the increase of basic hydroxyl groups and polar components on the O2-plasma specimen was greatly based on the photocatalytic activity, and that the initial attachment capability of human oral keratinocytes was promoted by the O2-plasma.
In the present study, the initial attachment capability of human oral keratinocytes was enhanced with more extensive cell spreading and early finding on O2-plasma specimen with large extensions of laminin γ 2 around the cells. These results may lead to the conclusion that human oral keratinocytes will migrate more quickly on the O2-plasma specimen than on control and UV specimens, indicating that oxygen plasma treatment is expected to accelerate the turnover of human oral keratinocytes and enhance the homeostasis of periimplant epithelium on TZP surface.
In conclusion, it is suggested that the TZP surface treated with oxygen plasma enhances the initial attachment capability with enhancing the extracellular matrix such as laminin γ 2 of human oral keratinocytes.
